Abstract: In the present study the biodiversity of the most abundant phototrophic organisms forming biological soil crust communities were determined, which included green algae, diatoms, yellow-green algae and lichens in samples collected on Ardley and King George islands, Maritime Antarctic. The species were identified by their morphology using light microscopy, and for lichen identification thin layer chromatography as also used to separate specific secondary metabolites. Several sources of information were summarized in an algae catalogue. The results revealed a high species-richness in Antarctic soil crust communities with 127 species in total. Of which, 106 taxa belonged to algae (41 Chlorophyta, nine Streptophyta, 56 Heterokontophyta) and 21 to lichens in 13 genera. Moreover, soil crust communities with different species compositions were determined for the various sampling locations, which might reflect microclimatic and pedological gradients.
Introduction
Biological soil crusts (BSCs) represent an association of diverse organisms and soil particles that vary in size as well as composition. They are formed by cyanobacteria, algae, lichens, bacteria, microfungi and bryophytes in different proportions. These organisms live within the upper few centimetres of the soil and also form a thin layer on the soil surface, where the mucilaginous sheaths and excreted extracellular polymeric substances (EPS) produced by filamentous cyanobacteria and algae stick the soil particles together , Weber et al. 2016 . However, coccoid microorganisms are also important in the development of BSCs and are mainly represented by high species numbers of green algae . Members of the green algal genus Coccomyxa Schmidle are frequently observed in BSCs of Antarctica (Pfaff et al. 2016) and diatoms and Xanthophyceae are also present in BSCs (Flechtner et al. 2008) .
Biological soil crusts represent pioneer communities that have important ecological functions in soil stabilization to reduce wind and water erosion (Belnap & Gillette 1998) , in hydrological processes for water retention (Belnap 2006) , in primary production and nitrogen fixation (Evans & Lange 2001) , in biogeochemistry, in geomorphology (Evans & Belnap 1999) , and in nutrient cycles (Wu et al. 2013 , reviewed in Büdel & Colesie 2014 . These cryptogamic communities also have a positive influence on the establishment and growth of vascular plants (Harper & Belnap 2001) .
These communities are heterogeneous and vary in their species compositions. Different types exist, which can be macroscopically distinguished by colour and morphology as well as microscopically by both the taxa occurring and species numbers (Weber et al. 2016 , Williams et al. 2016 . The establishment and development of BSCs is based on the substrate and controlled by climatic factors (Elster et al. 1999) . These cryptogamic communities are distributed worldwide in all climate zones and occur mostly in nutrient-poor and extreme habitats, such as hot and cold semiarid or arid areas . They are found both in Arctic Svalbard (Williams et al. 2016) and Continental Antarctica . However, BSCs have been generally poorly studied in the Polar Regions, particularly in Antarctica, until now (Green & Broady 2001) .
Studies on Antarctic terrestrial vegetation have been, thus far, mainly focused on bryophytes and lichens (Peat et al. 2007) , although the ice-free soil also contains different taxa of algae (Broady 1996) . The soil algae of Antarctic edaphic communities were reviewed in Broady (1996) , but those associated with BSCs in Maritime Antarctic are almost unstudied (Green & Broady 2001) . Colesie et al. (2014) recently investigated BSCs in the Darwin Mountains region, Continental Antarctica, and found low BSC coverage of the soil surface (0.8-3.3%) with species-poor crusts composed of few green algal lichens, cyanobacteria and several species of green algae. However, there remains a lack of knowledge on the algal component of BSCs in Antarctica.
Here, we present the results of a study that investigated the biodiversity of algae and lichens of BSCs collected on King George Island and Ardley Island, Maritime Antarctic, revealing the composition and proportion of green algae, diatoms, xanthophytes and lichens found in these BSCs.
Materials and methods

Study sites
Ardley Island and King George Island belong to the South Shetland archipelago in the Southern Ocean (Fig. 1) . The South Shetland archipelago (61°-63°S, 54°-63°W) is separated from the Antarctic Peninsula by the Bransfield Strait and from South America by the Drake Passage. This area has the mildest climate of the Antarctic region because it constitutes the most northerly part of the continent and it is strongly influenced by the Antarctic Circumpolar Current. The meteorological data from the Russian Bellingshausen Station at Collins Harbour, King George Island, indicate an annual mean air temperature of -2.5°C and mean precipitation of 701.3 mm yr -1 (measurement period: 1948 (measurement period: -2011 (measurement period: , Kejna et al. 2013 .
In February 2014, BSCs were collected at three different sampling sites. Two were located on Ardley Island ('Ardley' 62°12'45.91''S, 58°55'53.31''W to 62°12'49.02''S, 58°56'13.32''W and 'Ardley Palaeo' 62°12'46.55''S, 58°56'48.98''W) and one on the Fildes Peninsula, King George Island ('AB01' 62°13'18.93''S, 58°57'17.37''W), which has the largest ice-free areas in the Maritime Antarctic (Fig. 1) . These three sampling stations roughly follow an age gradient. 'Ardley' forms part of the slopes at Ardley Island itself, believed to have never been glaciated throughout the Holocene (Mäusbacher 1991) . 'AB01' is well dated due to its direct vicinity to the Yanou and Gaoshan lakes (6000-7000 yr BP, Watcham et al. 2011) . 'Ardley Palaeo' lies on a raised storm beach built up by isostatic uplift and is dated to 4400-2300 yr BP . 'Ardley' is a BSC that grows along a tributary to Ardley Lake, which meanders on the partially frozen soils, leading to temporary bogs and by this to saturated water conditions. In contrast, 'Ardley Palaeo' BSC developed on a raised storm beach, which typically has larger pebbles as precursors of soil development, exhibits a well-drained soil with low water retention capacity and hence is relatively dry. In both cases, BSCs were found as 'cushions' with little connection to the soil itself. On 'AB01' the substratum is glacier till, and soil development is clearly visible as are connections of biota to the soil, especially by bryophytes. This site, due to an almost top-slope position, has to rely on precipitation, but water retention potential is far better than in the storm beach site. The logged temperature regime in 5 cm soil depth at 'Ardley Palaeo' and 'AB01 ' (February 2012 to February 2014 revealed comparable conditions between the two sites, while 'AB01' was slightly more extreme (T min : -15°C, T max : 8°C, yearly average: -2.35°C) than 'Ardley Palaeo' (T min : -13°C, T max : 6.5°C, yearly average: -2.25°C) and had a roughly two weeks shorter period of temperatures > 0°C in the soil between the end of November and late March (early April for 'Ardley').
Strain isolation and culture conditions
The collected BSCs were used for a comprehensive screening of all occurring eukaryotic algae and lichens. Subsamples of the BSCs were incubated in defined media to establish enrichment cultures. All cultures and later algal isolates were grown on solid 1.5% Difco Agar (Becton Dickinson, Heidelberg, Germany) made with Bold's Basal Media and vitamins (Starr & Zeikus 1993) modified by tripled nitrate concentration (3N-BBM+V). They were kept at 15°C, 30 µmol photons m -2 s -1 under a 16:8 h light:dark cycle (Osram Daylight Lumilux Cool White lamps L36W/840). The enrichment cultures were regularly screened for algal growth and colonies transferred with a metal needle to a new agar plate using a stereo microscope (ZS40, Olympus, Tokyo, Japan) with a magnification of 400x. For further purification the growth of the colonies was frequently monitored and several subcultures were generated under sterile conditions. After the purification step no contamination with other algae or fungi was detected. Sixty-six strains were isolated and are held in the culture collection at the University of Rostock. Using a light microscope (BX51, Olympus, Tokyo, Japan) with a magnification of 1000x the isolated strains were identified to the species or at least the genus level. Identification was mainly based on the identification key of Ettl & Gärtner (2014) . Other identification literature is presented in Table S1 found at http://dx.doi.org/10.1017/S0954102016000638. Mucilage, as one identification feature, was visualized with an aqueous solution of methylene blue. Furthermore, light micrographs were taken with an Olympus UC30 camera attached to the microscope and processed with the software cellSens Entry (Olympus, Tokyo, Japan). Additionally, hand drawings were made of the morphological features for some algal species (Table S1 ).
Identification of diatoms
In addition to the light microscopy, combusted permanent slides were prepared and used for the identification of diatoms. Based on their siliceous cell walls, identification is also possible after the cell death, as species-specific features, such as cell shape, pores, Table I . Diversity indices. Jaccard index and Sørensen index are defined from 0 to 1 (0 = no similarity, 1 = highest similarity). Approximately 0.5 g of crust material was mixed with c. 4 ml distilled water and strongly shaken for 10 min. Subsequently 100 µl of the overlaying water was transferred onto glass cover slips using an Eppendorf pipette and air dried. This step was repeated a second time. Afterwards, the cover slips were combusted in a muffle oven (Elektra M26) at 550°C for 35 min, cooled down and put onto slides with Naphrax as a mounting medium. Light micrographs were taken at a magnification of 1000x using a light microscope (BX51, Olympus, Tokyo, Japan) with an Olympus UC30 camera attached and the cellSens Entry program (Olympus, Tokyo, Japan). Additional light micrographs were acquired with a Zeiss Axio Imager. M2 with an implemented AxioCam HRc (Zeiss, Oberkochen, Germany). The literature used for diatom identification is detailed in Table S1 .
Identification of lichens
For identification of lichens, morphology and anatomy were studied using a stereomicroscope and compound microscope. The nomenclature of Antarctic lichen species followed the identification key of Øvstedal & Lewis Smith (2001) . Herbar specimens of lichen species are held in the private herbarium of U. Schiefelbein. Characteristic lichen substances were used as chemotaxonomical markers and analysed by thin layer chromatography (TLC) in solvent system A according to the standard approach of Orange et al. (2001) .
β-diversity
The β-diversity is a measure of change in species composition between habitats or variations of environmental conditions, such as temperature or moisture gradients. For this purpose, the number of species is considered unique to each habitat. The β-diversity is high if the number of species common to both habitats is low and vice versa. The following formula (Whittaker 1970) can be used for the calculation using the presence-absence data:
where S 1 is the total number of species recorded in the first habitat, S 2 is the total number of species recorded in the second habitat and c is the number of species common to both communities.
Jaccard index and Sørensen index
The Jaccard index (1902; SI J ) and Sørensen index (1948; SI S ) are similarity coefficients that measure the similarity Fig. 4 . Total number of green algae species (Chlorophyceae, Trebouxiophyceae, Klebsormidiophyceae, Bacillariophyceae, Eustigmatophyceae and Xanthophyceae) in the three biological soil crust communities from the Maritime Antarctic samples.
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of sets. In order to calculate the SI J , the size of the intersection is divided by the size of the union of the sample set. The indices scales are defined from 0 to 1, where the closer to 1, the higher the similarity. The SI J and SI S are calculated using the following formulae:
where a is the number of species common to both communities, b is the total number of species recorded in the first habitat and c is the total number of species recorded in the second habitat.
Multivariate statistics
The species composition found at the different localities was compared using the multivariate analysis of the statistical program PRIMER 6. Non-metric multidimensional scaling (MDS; Kruskal & Wish 1978) was based on square root transformed data and BrayCurtis similarity. An MDS plot is dimensionless and visualizes the relationship of each datapoint to another.
The significance of similarity was tested by using the ANOSIM permutation test (Clarke & Green 1988 , Clarke 1993 . This test calculates a global measure R, which ranges between 0 and 1 and constitutes some degree of discrimination between treatments. If R = 0 there are no differences between the sample stations based on their species composition. If R = 1 the sample stations differ from each other. The stress value represents the quality of the graph (0 = perfect, 0.05 = good, 0.2 = poor).
Results
Total species composition, diversity and localities
The BSCs of the King George and Ardley islands were exclusively composed of both various microalgal groups and lichens, although they were dominated by the speciesrichness of algae (78-87%) (Fig. 2) . The total community β-diversity for all BSC samples ranged from 73-81, and similarity was very low (SI J < 0.2, SI S < 0.3). It should be emphasized that the total biodiversity indices values for 'Ardley'-'AB01' were noticeable higher relative to the other comparisons ( Table I) .
The MDS analysis resulted in three clearly separated clusters that showed conspicuous grouping by sample site (Fig. 3) . The BSC species composition of the three sample sites were significantly different as confirmed by the ANOSIM test with a global R of 1, p = 0.001 and a stress value of 0.
Species composition and diversity of algae
Overall, 106 algal species were found in the BSC communities of the Ardley and King George islands. Of these, 41 species belonged to Chlorophyta (21 species were Chlorophyceae, 20 species were Trebouxiophyceae). Nine species were identified as Streptophyta and 56 species were determined as Heterokontophyta; it should be noted that 49 of these species were diatoms (Table II, Fig. 4 ). Species names, light micrographs, drawings and further information are summarized in an algae catalogue (Table S1 found at http://dx.doi.org/ 10.1017/S0954102016000638).
Nine species from six genera were found in all of the BSC samples: Chlorosarcina sp., Chlorococcum sp., Coccomyxa sp., Klebsormidium cf. flaccidum (Kützing) Silva, Mattox & Blackwell, Neocytis cf. brevis (Vischer) Kostikov & Hoffmann, Neocytis sp., Pinnularia cf. acidophila Hofmann & Krammer, Pinnularia borealis Ehrenberg, Pinnularia borealis var. scalaris (Erenberg) Rabenhorst.
'Ardley' contained 53 species including 30 taxa that were only found at this sampling station. The species composition was dominated by diatoms (26 species).
There were 44 species identified in the BSC samples from 'Ardley Palaeo' of which 25 taxa were only found at this site. The most abundant species belong to diatoms (21 taxa) and Chlorophyceae (17 taxa). There were 45 species, including 25 habitat-specific species, identified from 'AB01'. Diatoms (16 species) and Trebouxiophyceae (14 species) were the most abundant in these BSCs.
A comparison of the total species numbers for each sample site showed no distinct differences. However, 'Ardley' had the highest number of species, c. nine species more than both of the other sites. There were high numbers of microalgal species that were unique to each sample site. Therefore, a comparison of the common species gave very low values (5-9 species per two sampling sites). All of the BSC communities were dominated by diatoms, with very similar species numbers but differing in the proportion of green algae taxa.
The β-diversity of the algal composition for the three sample sites varied between 61 and 67 (Table I) . Again the similarity between the BSCs was low (SI J < 0.2, SI S < 0.3; Table I ). However, the similarly between 'Ardley'-'AB01' was higher than the others (Table I) .
Species composition and diversity of lichens
There were 21 lichen species from 13 genera identified from all BCSs (Table III) . Interestingly, only Ochrolechia frigida and Psoroma hypnorum were found at all sample sites.
The BSCs from 'Ardley' contained 15 lichen taxa; of which, seven species were only determined at this site. Nine lichen species, including four habitat-specific species, were identified from 'Ardley Palaeo'. Five species were present in 'AB01'; of which, only two species were exclusively found at this site.
The incidence of common lichen species was very low, especially in the samples from 'AB01' and 'Ardley Palaeo' (two common species).
The β-diversity ranged between 12 and 14; however, it should be noted that only two common lichen species existed in the BSC samples from 'Ardley Palaeo'-'AB01' ( Table I) . The similarity indexes were very low (SI J < 0.2, SI S ≤ 0.3). Moreover, both values for 'Ardley Palaeo'-'AB01' were noticeable lower than the others (Table I) .
Discussion
This study revealed a remarkably high biodiversity of microalgae and lichens in BSC communities collected on the King George and Ardley islands (127 species). Studies have reported wide ranging species numbers for algae in BSCs, ranging from only a few to c. 100 taxa, depending on the habitat. Büdel et al. (2009) identified 30 eukaryotic algal species in the Namib Desert, while Schulz et al. (2016) determined 106 species from coastal sand dunes at the Baltic Sea. Similar studies on algae associated with BSCs in the Polar Regions are missing. Nevertheless, there are some data from surveys on terrestrial or soil algae at high latitudes. Soil samples from Arctic Svalbard partly covered by vascular plants and mosses contained 33 (Kaštovská et al. 2007) or 23 (Kim et al. 2008) eukaryotic algal species, pointing to a rather low diversity. Elster et al. (1999) identified 84 eukaryotic soil algae in the polar desert of central Ellesmere Island, Canada. In soil samples from Continental Antarctica, only ten chlorophytes and one diatom taxon were found (Broady & Weinstein 1998) , and these species were not associated with a BSC community. Zidarova (2008) reported 286 algal species in samples from Livingston Island, Maritime Antarctic. However, this speciesrichness can be explained by sampling from all available habitats, including soil, lakes, ponds and rocks. In the soil samples alone, 78 eukaryotic algal species were identified; of which, 66 taxa were diatoms (Zidarova 2008) . When compared with all the available literature, the data found during this study point to a surprisingly high speciesrichness of terrestrial eukaryotic algae (106 species) associated with BSCs in the Maritime Antarctic.
The proportion of diatom species in the BSCs was very high (49 species) in comparison to the number of the other algal taxa. Diatoms are not always systematically studied in BSC samples, depending on the expertise and interests of the investigators, and hence making comparisons with published data can be difficult. In Continental Antarctica only one (Broady & Weinstein 1998) to two diatom species were found (Souffreau et al. 2013) , while ten species occurred in the soil of the Arctic desert of central Ellesmere Island (Elster et al. 1999) . Flechtner et al. (2008) demonstrated notably few diatom species (n = 8) in a study of BSCs in western North America, while Schulz et al. (2016) prepared specific diatom slides for their identification, a quality approach which seems to be neglected in many investigations of BSCs, and reported 55 diatom species in BSCs from sand dunes along the Baltic Sea coast. These data confirm those of the present study. Whether all the recorded diatom species associated with the Antarctic BSCs represent actual components of BSC communities is unknown. Diatoms and other microalgae are known to be transported through the air over hundreds of kilometres in the Arctic region (Darby et al. 1974) . This is especially apparent near beaches, where marine and brackish water diatoms can be windblown during stormy conditions (Lee & Eggleston 1989) . Therefore, it cannot be excluded that some of the identified diatom taxa were transported by wind (sea-spray) or waves and therefore only temporary visitors in the Antarctic BSCs. However, in the current study, material from the whole BSC was used and thus lower parts of BSC were included.
The lichen diversity (21 species) of the King George and Ardley islands represent a subset of the 110 species reported by Sancho et al. (1999) in their survey of all habitats on Livingston Island. Floristic studies from Victoria Land also revealed a high lichen diversity of 29 (Seppelt et al. 2010) , 54 (Cannone & Seppelt 2008 ) and even 59 species (Green et al. 2015) . There are indications that the species-richness of lichens varies based on latitudes, and hence it was suggested to subdivide Maritime and Continental Antarctica into different phytogeographical regions (Peat et al. 2007) .
In summary, the data presented show a high species diversity of microalgae and lichens associated with BSCs, which differed between the sample sites. The sites could therefore be distinguished by a specific species composition. Interestingly, 'Ardley' revealed a higher similarity to 'AB01' (King George Island) for algae diversity. However, the similarity of 'Ardley Palaeo' to 'AB01' was lower for lichen diversity. This striking difference can be explained by (micro)habitat-specific conditions. It is known that algae and lichens found in soil prefer different substrates and that the availability of water is an important environmental factor for their occurrence. The habitats investigated in this study differed by substrate, topography and moisture. Consequently, the data presented indicate that the species composition of BSC communities in Maritime Antarctic is controlled by micro-environmental conditions. Moreover, it provides the first overview of BSC-associated algal and lichen taxa in the southern Polar Regions. lichenologists. The authors also thank Karoline Schulz for preparation of diatom slides and taking several light micrographs of these diatoms. Many thanks to the reviewers for the constructive criticism and suggestions. TM thanks the Alexander von Humboldt Foundation for financial support. We also thank the Instituto Antártico Chileno for their logistic support.
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